An offshore technique time domain EM method that uses vertical, transmitters and receivers is studied. We look at three different aspects of this method: the effect of induced polarization, the sensitivity to a given target and finally edge detection of a reservoir.
Introduction
Over the last decade, several CSEM method has been developed (Weiss and Constable, 2006 ). An offshore, time domain EM method that uses vertical, stationary transmitters and receivers has been developed by the Norwegian petroleum exploration company Petromarker (Holten et. al, 2009; Børven and Flekkøy, 2009 ). Short offsets in the range of 500 to 1500 m are used to probe the electric near-field that results from turning off a source current. The current source is a pulsing system that consists of two pulse generators working in parallel. Each transmitter dipole has a current capacity of 2500 A and consists of two electrodes attached to the vessel by cables. The lower pulse electrode is positioned on the seabed and its position is determined by an acoustic transponder.
Once the lower pulse electrode has been installed on the seabed the upper electrode is lowered 30-50m below the sea surface and, by moving the vessel, placed within a meters accuracy above the lower electrode. Square pulses, with polarity varying according to an 8 bit Thue-Morse sequence (+--+-++-) are used to energize the transmitter cable. There is a silent period after each individual pulse. The vertical electric field is measured during silent periods. The measured signal is subject to stacking, which suppresses the noise and reduces possible drifts.
The fact that the horizontal field component from a horizontal transmitter greatly exceeds the vertical field component from a vertical transmitter, imposes rigid limitations on the permissible tilt angles of the transmitter and receivier. While tilting of the transmitter cable is minimized by careful positioning of the vessel deploying the pulse electrodes, the design of the receiver guaranties its high precision verticality. Current tripod receivers with a 10 m antenna that are used for exploration have a tilt compensation system that aligns the antenna within 0.1° from the vertical, and they have a canvas outer structure that prevents hydrodynamic disturbances.
Induced polarization
A CSEM survey on the Troll gas field on the Norwegian Continental Shelf in 2007 is used as a case study. In this case an older, 25 m long, receiver design with a floating subsea buoy was used for the vertical electric field measurements. These results were taken above the main gas accumulation near the Troll A production platform.
Inversion of these results using a 1D model gave resistivity profiles. The Cole-Cole model (Cole and Cole, 1941) was applied to include induced polarization (IP) effects. This well-known model describes the empirical frequencydependent conductivity as ,
Figure 1
The voltage of a vertical receiver at the Troll field at offsets 250m (left panel) and 750m (right panel). The measurements (circles) were fit by inversion (red curves). Forward models for two cases were performed based on the inversion results, one model without IP (blue) and also a model without IP where the reservoir resistivity was set to a background value (black). Induced polarization parameters are η=0.01, c=0.25 and τ=1s for the uppermost 200m of the overburden.
where is the conductivity at infinity frequency, η is the IP coefficient, τ is the time decay constant and c is the relaxation constant.
The signal due to IP decays quickly with offset, and the effect is more pronounced in shallow waters and for shallow layers. At 250 m offset IP has a large effect on the response, so that the signal difference due to the reservoir is less than the IP effect (Fig. 1) . The influence of IP is much less at 750 m offset and the inversion algorithm can identify the reservoir from the signal before the IP effects starts to dominate. The optimal offset is the smallest one without IP dominance, and is in this case is about 1000 m. There is a good correspondence between the response curves at different offsets with the same IP parameters. While the Cole-Cole model contains several adjustable parameters, the characteristic offset dependence is a clear indication of IP. Measurements at short offsets can be used to determine the IP parameters, which then can be verified by measurements at longer offsets. In other contexts, IP has been used constructively as a hydrocarbon indicator (Veeken et al., 2009 ). However at Troll, IP effects was found both above and outside the reservoir, leaving these observations inconclusive.
Finding the optimal offset
We require measurements at offsets where the influence of IP is much lower than the signal difference due to the target. This favors long offsets since the IP effect decays quicly with distance. On the other hand, smaller offsets give stronger signals and better horizontal resolution of the subsurface structures. So the offset that strikes the optimal compromise is chosen. The amount of induced polarization is difficult to foresee from geophysical data, but experience from previous surveys may give an upper limit for the local strength of the IP effects.
Additionally, placing the receivers in different directions from the transmitter, eases the analysis of bathymetry effects.
Sensitivity to reservoir resistivity and overburden thickness
A vertical dipole source creates an electromagnetic field consisting almost entirely of the transverse magnetic (TM) mode, which does not propagate via the air to the receiver. After switching off the source, the electric field diffuses through the medium. At late times the decay of the electric field is controlled by deeper layers of the stratified medium. In a homogeneous conductive half-space, the vertical component of the electric field decays as E z (t) ~t -5/2 (e.g., Ward and Hohmann, 1987) , where t is the time after switching off the source. The maximum effect of the reservoir is observed at times necessary for the diffusion process to reach it. This time depending primarily on the depth to the reservoir and resistivity of the overburden, and the maximum effect of the reservoir is usually observed in the time range of 2 to 15 s.
The 1D models considered in this section consist of a 1500 m deep sea above a conductive half-space with constant resistivity, and a 50 m-thick reservoir with the resistivity of 100 Ωm. The resistivity of the half-space varies in the range 1 to 3 Ω m, and the depth to the reservoir from the seabed is in the range 1500 to 3000 m. Two electric field responses are calculated, E 0 (t) for the half-space case and E HC (t), for a model which also includes the resistive layer with the above parameters. The anomalous vertical field E A =E 0 (t)-E HC (t), and the sensitivity is defined as S=1-E HC (t)/E 0 (t).
Effects of a limited reservoir and induced polarization on acquisition with vertical electrodes Figure 2.
Left panel: The anomalous vertical field of a 100 Ωm, 50 m-thick reservoir, calculated at the minimum time where the sensitivity is above 10%. Right panel: Relative sensitivity to the same reservoir estimated at the time of 3 s. The horizontal axes show the resistivity of the overburden and the depth of the reservoir measured from the seabed. The current is 5000A.
The anomalous vertical field and the sensitivity are calculated as functions of resistivity and thickness of the overburden. The anomalous vertical field is calculated for the minimum time where the sensitivity is above 10%, which is between 1.4 and 6.2 seconds (Fig. 2) .
The anomaly is largely determined by the total transverse resistivity (= thickness * resistivity) of the overburden compared to the transverse resistivity of the reservoir. For a thick overburden with low resistivity, the maximum of the sensitivity occurs at late times. All signals shown in Fig. 2 are above the lowest noise floor in our offshore cases (about 1nV/m).
Horizontal resolution and 3D effects of limited reservoirs
In this section we consider responses of a 400 m thick reservoir of small horizontal extent. Such reservoirs are found in a shallow sea (150 m) environments. In this case the top of the reservoir is 1500 m below the seabed. The integral equation code which is applied is known as the Modified Iterative Dissipative Method (Singer, 2008) . The overburden and underburden resistivities equal 2 Ωm. The reservoir is taken to be a circular cylinder with diameter of 1520, 2260, 3020 m, and resistivities of 5, 20, and 100 Ωm. In Fig. 3 the 3D responses are compared with 1D responses for models with a horizontally unlimited reservoir with resistivities of 5, 20, and 100 Ωm. The responses are evaluated for a 1000 m offset.
Numerical simulation shows that, for the same reservoir and background resistivities, the amplitude of the reservoir signature is largely controlled by the reservoir width-todepth ratio. As could be expected, the sensitivity S of the reservoir increases with an increase of the diameter of the reservoir. For a horizontally unlimited reservoir, S increases almost linearly with the transverse resistance of the reservoir when this resistance exceeds the corresponding contribution from the overburden and basement. However, the 3D effect of currents bypassing a horizontally limited reservoir, will cause this dependence to change. Clearly, there is little effect of increasing the transverse resistivity of a very limited reservoir. This effect is illustrated in Fig. 3 by the fact that the difference in S between the 20 and 100 Ωm reservoirs is noticeably smaller than between the 5 and 20 Ωm reservoirs. Yet, even in the case of the smallest reservoir, there is a clear dependence in S on transverse resistivity, signalling that the bypass effect is dominating only for even smaller reservoirs.
It might also be noticed that after reaching its maximum value, the sensitivity of responses "flattens out" at longer delays. This flattening reflects the static shift effect (Singer et al. 2007) , which is a pure 3D effect that is observable at late times. The 3D response curve is usually sandwiched between the 1D HC response and 1D non-HC response, typically the 1D response has the highest anomaly field, though only up the point where the static shift effect kicks in. The main message from the above modelling is that in many cases a one-dimensional model already comes close in calculating the electric field response. In the common case of a larger reservoir width-to-depth ratio, 1D calculations will therefore suffice for modelling purposes.
Figure 3
The upper left, upper right, and lower left panels show relative sensitivities to the reservoir for models with cylindrical reservoirs with diameters of 1520, 2260, and 3020 m, respectively. Blue, green, and red curves correspond to the reservoir resistivities of 5, 20, and 100 Ωm. The lower right panel shows relative sensitivities for corresponding 1D models with unlimited reservoirs. The sea depth is 150 m, the resistivity of sea water is 0.28 Ωm and the reservoir depth is 1500 m.
Conclusion
Using a CSEM survey that was performed over the Troll gas field, as a test case, as well as 3D model calculations, three main points have been illustrated for the verticalvertical technology.
(1) The effects of induced polarization may be adequately parameterized and controlled for the purpose of optimizing survey designs. (2) The technique is sensitive to targets of highly limited horizontal extent. (3) Even when the horizontal extent of the target is not greater than twice its depth 1D calculations are a good approximation to the more realistic 3D ones. This implies simpler modeling and interpretation of the data. It also implies that the current time-domain technique measures a more local response than conventional CSEM methods where the useful signal travels a typical horizontal distance of 6-10 km.
